Development and overview of the protocol An ideal mechanogenetic probe selectively targets and quantitatively perturbs cell-surface receptors at a desired location and time. To meet these requirements, the following critical considerations in probe design should be taken into account:
IntroDuctIon
Tools for analyzing and perturbing selected biochemical processes at the single-cell and single-molecule levels allow for interrogation of the mechanisms underlying complex cellular signaling activities. Recent advances in this area have contributed to a paradigm shift in cell biology, allowing the properties of biomolecules to be studied in the context of a larger and more integrated cellular signaling system [1] [2] [3] [4] [5] . Using techniques such as optogenetics, molecules or cells can be perturbed selectively and systematically, at a desired location and time [1] [2] [3] [4] [5] . By measuring the cellular response to these controlled perturbations, existing models can be tested and new biological principles can be revealed at both the molecular and systems levels. This allows the investigator to deconstruct and decode the working mechanisms of complex receptor signaling processes. However, tools for manipulating mechanical inputs to cell receptors have, until recently, remained elusive.
Colloidal nanoparticles have recently emerged as probes for the selective perturbation of biomolecular processes [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Their size is comparable to that of cell-surface receptors, they are easily conjugated with targeting domains and they can uniquely deliver a variety of physical perturbations to targeted receptors or cells that are not accessible to small molecules or most genetically encoded probes. For example, magnetic and metal nanoparticles have provided an unprecedented means of selectively and quantitatively delivering spatial [7] [8] [9] [10] , mechanical 11, 12 , or thermal [13] [14] [15] [16] [17] perturbation to cell-surface receptors and ion channels. In addition, these perturbation components can be further assembled with other functional modules for chemical targeting and imaging into a single integrated platform, providing a complete tool for perturbation biology with single-cell and single-molecule resolution. We recently developed such a modular nanoprobe based on MPNs, comprising a Zn-doped ferrite magnetic core, a plasmonic shell and an oligonucleotide-based targeting module ( Fig. 1; ref. 12 ). Importantly, each module of the MPN can be modified to alter the magnetic, light-scattering or targeting properties. We further demonstrated cell labeling via Watson-Crick hybridization between the monovalent MPN probes and genetically encoded mechanoreceptors, and mechanogenetic control of the targeted receptors to promote their subcellular spatial localization or mechanical activation 12 . By using fluorescence proteins and reporter genes to measure cellular responses to these controlled stimuli, we also identified the differential roles of receptor clustering and mechanical force in Notch and VEcadherin signaling 12 .
These mechanogenetic tools can be generalized to tackle many outstanding questions related to the dynamics of signal transduction. These include elucidation of receptor activation mechanisms, interrogation of the spatiotemporal dynamics of cell signaling and single-cell transcriptional control. Here, we present a detailed and optimized protocol for synthesis, bioconjugation and mechanogenetic applications of MPN probes so as to open their application to researchers from diverse backgrounds.
Advantages, limitations and potential improvements to the protocol A key advantage of the MPN-based mechanogenetic tool is the capacity to provide both spatial and mechanical perturbations to targeted receptors while effectively decoupling each cue by using different modes of stimulation. There are several techniques that provide single modes of perturbation of targeted receptors 2, [7] [8] [9] [10] [11] [13] [14] [15] [16] [17] 22, 23 , but no technologies exist that allow both spatial and mechanical control, particularly at the single-molecule and single-cell levels. This unique ability of MPNs enables interrogation of the differential contributions of, for example, ligand binding, receptor clustering, receptor location and force on downstream signaling. Importantly, each of these variables can be modified independently while keeping other experimental conditions identical, hence minimizing experimental artifacts associated with the use of different methodologies or batch-tobatch heterogeneity. For example, this allows direct comparison of receptor responses to two different stimuli applied to a single cell or to two neighboring cells in a cell population.
Another critical advantage of MPNs is their negligible nonspecific perturbation of cells as compared with traditional force microscopy tools or multivalent nanoparticle probes. Microprobe-based force microscopy tools-including atomic force microscopy, magnetic tweezers and optical tweezers-can deliver a defined force to a single, specific biomolecule 24, 25 . However, because of the large size and multivalent character of microprobes, these tools frequently influence the dynamic properties of targeted receptors (e.g., immobilization of receptors because of the probe's viscous drag) and mechanical environments surrounding the probe (e.g., cell membrane tension), leading to nonspecific cell signal activation or changes in cell behavior 12 . Multivalent magnetic nanoparticles that have been previously used for receptor spatial control also alter the dynamic properties of the targeted receptors 12, 21 . These probes crosslink receptors nonspecifically, slowing receptor diffusion and enhancing receptor endocytosis 26, 27 . More importantly, the poorly defined number of proteins linked to single particles prevents the delivery of a defined force to the targeted proteins. The protocol presented here produces small (40-50 nm) and monovalent MPNs, eliminating the nonspecific perturbation associated with probe size and valency.
The rapid spatial control enabled by the MPN-based tool is another advantage. Upon application of a focused magnetic field gradient, protein translocation is induced by force-induced convection rather than by passive diffusion followed by the trapping of proteins, as in optogenetic methods 28 . This property of MPNs is advantageous for directing the reorganization of confined or slowly diffusing membrane proteins such as Notch and cadherin.
A major drawback of the current MPN-based mechanogenetic tool is the limited accessibility of particles to intracellular targets. Unlike optogenetic methods that only require stimulus-sensitive proteins, this tool additionally requires targeted delivery of MPNs to mechanosensitive proteins. Traditional methods of intracellular delivery of nanoparticles through transfection and electroporation are not ideal because of low delivery efficiency, poor endosomal escape and particle aggregation 29, 30 . Microinjection offers efficient intracellular delivery of particles, and has been successfully applied for localizing soluble proteins 9, 10, 31 . However, removal of excess particles from the cytosol, which is an additional requirement of the MPN mechanogenetic tool, is difficult with microinjection methods. Genetic engineering techniques that endogenously express magnetic particles inside a protein complex can be a promising alternative approach 15, 16, 32 , but improvements in magnetic properties of the small or poorly crystalline particles expressed endogenously will be necessary for mechanogenetic applications 18 . Controlling proteins presenting at the basal cell surface is also difficult with the current version of the µMT in the MPN-based mechanogenetic tool. Implementing micropatterned superparamagnets on a cell culture substrate can potentially resolve the problem of tweezer accessibility 31, 33 .
Another drawback of the MPN-based mechanogenetics is its limited force resolution. The MPN exerts forces of up to tens of piconewtons to target receptors. However, under the µMT-SFM (d 1 ≤ 1 µm), slight changes of the µMT-to-MPN distance caused by experimental noise can lead to large changes in MPN force exertion, because the force exertion changes steeply as a function of d. Hence, precise force control within the piconewton range is limited. The use of MPNs with higher magnetic moments can shift the operating distance toward the long-distance range and thus improve force control. One strategy is to replace the Zn-doped ferrite core with other magnetic materials with higher susceptibility (e.g., Fe and Co) [34] [35] [36] . Alternatively, larger Zn-doped ferrite cores can increase the magnetic moment without increasing the total MPN size, if the thicknesses of the silica and gold shells are reduced. For example, the use of a 30-nm magnetic core may generate a ten times stronger force than our current version of the MPN with a 13-nm core 37 .
The spatial resolution of the µMT may also be improved further. The current µMT design allows focused piconewton force generation with a resolution of a few micrometers, providing subcellular activation of multiple receptors in a densely labeled cell or single-molecule perturbation in a sparsely labeled cell 12 . Higher-resolution spatial control of mechanical force generation may provide additional utility of the tool, such as single-molecule and quantitative activation of multiple different receptors in live cells. Cutting-edge nanofabrication technologies will facilitate the development of more precise magnetic tweezers and the realization of these new applications 38 . [48] [49] [50] [51] [52] [53] [54] [55] [56] . Coupled with an external µMTs, the targeted MPNs can provide two different modes of perturbation to the receptors as a function of distance between the MPN and the µMTs: the SFM and WFM can be used for spatial and mechanical control, respectively (stage iv, Steps 57-64). F, force. 
Box 1 | Calibration of force exertion on a single MPN • TIMING ~6 h
We suggest two approaches to measure force intensities of single MPNs. To determine the force generated by an MPN located at a distance of >1 µm from the µMT, the viscous drag of the nanoparticles can be used (option A). The velocity of magnetic nanoparticles should be experimentally determined. Because the velocity of nanoparticles is too fast for optical imaging once the particles are within 1 µm of the magnet, TGT force sensors with defined rupture forces can be used (option B). In this case, the µMT is gradually moved toward a MPN-TGT duplex immobilized on a coverslip until the initial detachment event is observed. 3. Determine the particle solution concentration using a UV-visible absorption spectrophotometer. Use the same extinction coefficient as used for Step 11. Dilute the particle solution to 400 nM using deionized water. 4. Add 10 µl of 400 nM Alexa-594-conjugated M-SiO 2 to 990 µl of glycerol. 5. Apply 30 µl of M-SiO 2 dispersed in glycerol to the surface of a coverslip. 6. Immerse the µMT in the solution containing nanoparticles with an immersion angle of 30 ° toward the cover-glass surface. 7. Image particle movement with an EM CCD camera at 100 fps for 10 s. 8. Analyze the velocity of the particles using the ImageJ particle tracker plugin (http://mosaic.mpi-cbg.de/ParticleTracker/). 9. Calculate the force acting on a single particle using Stokes' law ( ) F rv   = 6ph , where η is the viscosity of solvent, r is the radius of particles and v is the velocity of particles. As specified, the fluid viscosity is 1.1908 Ns/m 2 and the Stokes radius of the particle is 50 nm.
additional reagents
(B) Force calibration using tGt force sensors 1. Prepare 100 µl of 1 nM monovalently conjugated MPNs with TGT-thiol (Steps 40-47) in 200 mM NaCl and 10 mM Tris buffer. 2. Add 1 µl of 100 µM TGT-biotin-1 oligonucleotides bearing complementary sequences to form a TGT duplex force sensor and incubate for 4 h at RT. 3. Add 900 µl of 30 mM NaCl and 10 mM Tris buffer and centrifuge at 1,500g for 10 min at RT. Discard the supernatant. Repeat three times. Dilute the bottom nanoparticle layer containing MPNs to 1 ml. 4. Measure absorbance of the solution at λ = 620 nm using a UV-visible spectrophotometer. Determine the nanoparticle concentration using an extinction coefficient of 1.9 × 10 10 /M/cm of 50-nm MPNs at λ = 620 nm. 5. Place a streptavidin-coated coverslip onto a dark-field microscope. Apply 30 µl of 1 pM TGT-sensor-conjugated MPNs to the coverslip and monitor the particle immobilization. 6. When the desired nanoparticle density is reached (e.g., 1-2 particles per 100 µm 2 ), wash the coverslip five times with 200 µl of 30 mM NaCl and 10 mM Tris-HCl buffer (pH 8.0), and then three times with 200 µl of PBS. 7. Gradually approach the µMT in the z-direction with a 50-nm step size at an approach rate of 100 nm/s while monitoring detachment events of the particles from the surface (i.e., disappearance of particles from the imaging area) using a dark-field microscope. Repeat steps 1 to 5 with TGT-biotin-2, TGT-biotin-3 and TGT-biotin-4. 8. Measure the rupture distance (d) of the MPN-TGT sensor, and calculate the loading rate from a power law fit, taking into account the loading rate-force relationship and the most probable rupture force of each double stranded DNA with unzipping geometry (Fig. 7) . To summarize the advantages and limitations of the mechanogenetic tool presented here, we provide a direct comparison with other tools in Table 1 , on the basis of our studies and those of others.
Applications of the method
One of the primary applications of the MPN-based mechanogenetic tool is to interrogate the chemical, spatial and mechanical responses of receptors during signal transduction. We previously applied this tool for manipulating the spatial and mechanical properties of two mechanoreceptors (i.e., Notch and cadherin) at single-molecule and single-cell resolution, for which we clarified the activation mechanism of Notch and described the differential roles of spatial and mechanical cues on cadherin junction formation, respectively 12 . Use of the MPNbased mechanogenetic tool is not limited to these specific applications but has numerous applications across diverse biological systems. In principle, any cell-surface receptor can be targeted with MPNs to investigate the differential roles of spatial and mechanical cues on their signaling properties. Receptors and channels exhibiting mechanosensitivity, such as NOMPC 39 , PIEZO 40, 41 , T-cell receptors 22, 23, 42 , integrin 43 , selectin 44, 45 and CAM 46 are potential future applications.
MPNs provide an alternative platform for single-molecule force microscopy and for investigating ligand-receptor complexes in live cells 47 . For example, the dissociation rate constant (k off ) of a respective ligand-receptor pair can be determined by simply measuring bond lifetime (1/k off ) of a monovalent MPN-ligand conjugate bound to a target receptor on the cell surface. Analysis of single-molecule detachment kinetics as a function of force applied will characterize the nature of ligand-receptor binding, i.e., slip versus catch bonds 45, 48 . Again, small and monovalent MPNs effectively eliminate probe-induced modification of the ligand-receptor properties (e.g., receptor cross-linking and nonspecific interaction between a microbead and the cell surface) 12 .
This tool will also be useful in systems biology applications by providing the ability to perturb transcriptional programs of target cells in a population selectively and quantitatively. We previously showed that, in a model Gal4/upstream activation sequence (UAS) system, transcriptional profiles of targeted cells can be systematically tuned with MPNs at any desired location, time and quantity-with single-cell resolution 12 . Thus, this MPN-based mechanogenetic tool can provide an alternative and complementary tool to other state-of-the-art single-cell perturbation tools (e.g., optogenetics), for probing the logic of cellular cognition in space and time.
Experimental design
Optimization of MPN synthesis. We use a sequential nanoparticle growth strategy to fabricate MPNs that includes (i) magnetic core synthesis, (ii) dielectric inner shell growth and (iii) plasmonic outer shell growth. We use a superparamagnetic Zn-doped ferrite (Zn x Fe 3−x O 4 ) core and a plasmonic Au shell geometry to maximize the magnetic and optical properties of MPNs [49] [50] [51] . The dielectric silicon dioxide (SiO 2 ) inner shell serves as a buffer layer to prevent plasmonic damping by the ferrite core. We first synthesize the Zn x Fe 3-x O 4 magnetic core through thermal decomposition of iron (III) acetylacetonate and zinc (II) chloride in hot surfactant solution containing oleic acid and oleylamine 49 . The composition of Zn dopants (x) in the ferrite matrix can be controlled by simply changing the stoichiometric ratio between iron and zinc precursors. We recommend an x value of 0.4 to provide a maximal magnetic moment of the core, where zinc dopants mainly occupy tetrahedral sites of the ferrite matrix, eliminating antiparallel magnetic spins 52, 53 . At higher values of x, the dopants fill the octahedral sites as well, reducing net magnetic moments 54 . Varying the precursor concentration can control the size of the magnetic core. In this protocol, we used 13-nm or 30-nm superparamagnetic ferrite particles. Larger magnetic cores may lead to residual remanent magnetization, causing irreversible aggregation of particles after magnetization. The detailed synthesis of the magnetic core (M) is presented in the PROCEDURE, Steps 1-11.
To add an SiO 2 inner shell layer onto the magnetic core, we use a standard water-in-oil microemulsion sol-gel approach 55 . Base-catalyzed hydrolysis and polycondensation of tetraethoxy silane (TEOS) with surface hydroxyl groups on the ferrite core facilitates the homogeneous and selective dielectric shell coating. Amine surface functionalization of the silica shell is subsequently followed by the addition of amine-containing silica precursors. We recommend aminoethylaminopropyltrimethoxysilane (AEAPTMS) as the precursor instead of a standard aminopropyltrimethoxysilane (APTMS), for higher amine contents. The silica shell thickness can be tuned from 3.5 to 40 nm with nanometer resolution by varying the TEOS concentration ( Table 2 ). The detailed silica shell coating (M-SiO 2 ) is presented in the PROCEDURE, Steps 12-22.
We use a seed-mediated growth method for gold shell formation 56, 57 . Charge interaction between a positively charged M-SiO 2 core and multiple negatively charged Au 2nm seeds forms an assembly with a core-satellite geometry (M-SiO 2 (Au 2nm ) n ) 58 . Dense loading of satellite Au 2nm seeds on the core is essential for uniform shell formation, whereas sparse loading results in nonuniform shell growth (Fig. 2, stage i) . To maximize the seed loading, we recommend performing reactions between Au 2nm seeds and AEAPTMS-functionalized M-SiO 2 at high nanoparticle concentration ( Supplementary Fig. 1 ). Removal of unbound Au 2nm seeds should be performed with a magnetic column, instead of traditional purification methods involving centrifugation. Pellet formation of nanoparticles by centrifugation results in irreversible micro-aggregations of nanoparticles. Finally, mild reduction of the gold precursor (HAuCl 4 ) with hydroxylamine hydrochloride (NH 2 OH·HCl) in the presence of M-SiO 2 (Au 2nm ) n forms MPNs. The shell growth can be monitored by gradual changes in both color and absorption spectra (Fig. 3) . Initial red shifts-and blue shifts at later growth stages-in plasmon resonance indicate gradual formation of continuous shell and shell thickening, respectively (Fig. 3b,c) . Varying either the M-SiO 2 concentration or the reaction time can control the gold shell thickness. Detailed procedures for gold shell coating are presented in the PROCEDURE, Steps 23-39.
Synthetic protocols presented in this section provide the capacity to tune structure, magnetism and optical properties of MPNs. The final particle size, as well as the thickness of individual components, can be tuned with nanometer resolution, and each of these structural features contributes to the magnetic and optical properties of MPNs (Fig. 4) . Monovalent and modular functionalization. We introduce targeting functionality to MPNs by conjugating them with a thiolated biomolecule via Au-thiol chemistry. Specifically, we use a DNA oligonucleotide for tethering because of two characteristic features facilitating monovalent and modular MPN functionalization. First, polyanionic phosphate groups of DNA allow postsynthetic isolation of monovalent MPNs because of their high charge density 12, 59, 60 . As-synthesized MPN-DNA conjugates with Au-thiol conjugation chemistry have a mixed valency, and traditional electrophoretic isolation methods based on size exclusion are restricted to very small particles (≤10 nm). On the other hand, DNA conjugation markedly increases anionic charge density of the MPNs as a function of particle valency. This enables purification of monovalent MPNs from nonconjugated or multivalent species via charge-based valency discrimination (Fig. 2, stage ii) . We provide examples in Figure 5 of anion-exchange HPLC elution profiles of MPNs bearing different oligonucleotide lengths. Although all MPN-DNA conjugation reactions show discrete peaks for MPNs with different valencies, longer oligonucleotides provide more resolved peak separations. We recommend 30-mer or longer DNA oligonucleotides for efficient separation of monovalent products. To maximize the production of MPNs, typically a 5-to 20-times excess of thiolated DNA is used. Because the reactivity of thiolated DNA is sequence-and length-dependent, a series of small-scale test experiments with varying DNA/MPN ratios is recommended to determine optimal conditions for each DNA sequence.
Second, the DNA oligonucleotide tether provides a simple, selective and modular handle for functionalization. A number of companies sell synthetic oligonucleotides with diverse options for 3′ and 5′ functionalization that are useful for direct targeting (e.g., biotin) or that can be used as substrates for further bioconjugation (e.g., NH 2 , SH, alkyne/azide). These modified oligonucleotides then react with monovalent MPNs via Watson-Crick hybridization-a highly specific and rapid noncovalent reaction-providing a highly modular strategy for functionalizing MPNs. The detailed protocol for MPN functionalization is presented in the PROCEDURE, Steps 40-47. Optimization of cell labeling. We use a two-step targeting and hybridization procedure for efficient and specific labeling of cells with MPNs. First, cells expressing receptors are targeted with an oligonucleotide bearing the receptor's ligand conjugated at its 5′ end. Second, the DNA-conjugated receptors hybridize with monovalent MPNs bearing complementary sequences. DNA-mediated targeting has the advantages of high specificity, modularity and a rapid on-rate. Cells can be labeled with the same batch of MPNs using the endogenous ligand or the ligand for a recombinant protein tag by simply replacing the targeting DNA strand (Fig. 2,  stage iii) . The DNA tether length is critical to improving target accessibility of MPNs and hence the cell labeling efficiency. The optimal length depends on the cell type (e.g., thickness of glycocalyx), accessibility of the receptor above the glycocalyx (e.g., receptor height) and steric environment of the receptors (e.g., glycosylation level and conformation). We recommend an oligonucleotide with linker lengths of at least 60 bases or longer for efficient MPN labeling. Cells can be labeled with MPNs either sparsely or densely, depending on desired applications, by simply adjusting particle concentrations. Sparse labeling (>10 particles per 100 µm 2 ) is preferred for single-molecule perturbation studies to avoid activation of multiple receptors, whereas dense labeling (>100 particles per 100 µm 2 ) is required for activating downstream signals.
Another important consideration in cell labeling is optimization of blocking conditions, a step necessary to minimize nonspecific cell-surface interactions. We recommend screening various blocking reagents, as optimal blocking reagents may vary between cell types. For guidance, we provide optimal labeling conditions for U2OS cells expressing either SNAP-tagged VE-cadherin or SNAP-tagged Notch with BG-functionalized MPNs in the PROCEDURE, Steps 48-56.
Optimization of mMT configuration for spatial and mechanical control of targeted receptors. Quantitative and defined force application to an MPN-labeled receptor is required for spatial and mechanical control of receptors with desired modes. To deliver a controlled force, we take advantage of the distance-dependent force generation capability of MPNs coupled with a custom-built µMT. The µMT configurations are described in the Equipment Setup section and Figure 6 . Fig. 7) , where a single MPN was able to generate forces from 0.1 to 50 pN by controlling d. The use of a larger magnetic core (e.g., 30 nm) is recommended for applications that require higher force ranges (Supplementary Fig. 2) . The force ranges exerted by a single MPN are ideally suited for spatial and mechanical studies (Fig. 2, stage iv) . Typically, spatial control of receptors can be induced with sub-piconewton force, whereas mechanical activation of receptors requires a few to tens of piconewtons force per receptor 12, 24 . Hence, different modes of perturbation to MPN-labeled receptors can be achieved by simply changing d. We provide an example, spatial and mechanical control of Notch and VE-cadherin on U2OS cell membranes with controlled modes of perturbation, in the PROCEDURE, Steps 57-64. µMT setup The µMT is composed of three key components: a microneedle, a permanent magnet and an xyz controller. The first two components can be purchased from multiple providers (e.g., Semprex Inc, K&J Magnetics) and can be easily assembled through a needle holder (can be fabricated through commercial 3D-printing or machine shop services). We integrated an xyz controller system by assembling three single-axis motorized translation stages, but a microinjection controller system that is routinely used for gene transfection may be used instead.
MaterIals

REAGENTS
To prepare the µMT setup, (i) install an xyz translation stage on the inverted microscope; (ii) assemble a steel needle onto a magnet adaptor; (iii) place the steel needle-magnet adaptor assembly on a hot plate and heat for 100 °C for 3 min; (iv) apply 50 mg of polycaprolactone to the top of the needle tip, using a tweezers to coat and prevent oxidation of the steel needle. Polycaprolactone will quickly melt and cover the entire needle-magnet adaptor assembly. Apply heat until the polycaprolactone has spread along the entire surface of the steel probe; (v) cool the polycaprolactone-coated needle-magnet adaptor assembly at RT for 10 min; (vi) magnetically attach the steel needle to the NdFeB magnet and mount it on the z translation stage (Fig. 6b) . The horizontal position of the needle can be controlled by linking the xy stage to a computer control program such as µManager. 2| Add 1.2 ml of oleic acid, 4.8 ml of oleylamine and 4.8 ml of trioctylamine to the flask.
3|
Connect the flask to a Schlenk line and stir the solution for 3 min at 300 r.p.m. under vacuum conditions. The experimental setup is depicted in Figure 8 .
4|
Heat the solution using a temperature controller under argon gas flow at 90 ml/min. Stir the solution at 300 r.p.m. during the reaction according to the five-step process shown below. 
6|
Centrifuge the solution at 1,600g for 5 min at RT.
7|
Discard the supernatant, re-disperse the black precipitate in 8 ml of toluene and add 30 µl of oleylamine.
8|
Centrifuge the solution at 650g for 3 min at RT and collect the supernatant. • tIMInG 48 h 12| Add 12.6 ml of cyclohexane to a 50-ml vial.
13| Add 770 mg of Igepal CO-520 and shake until it is completely dissolved.
14| Add 100 µl of the 2.75 µM Zn 0.4 Fe 2.6 O 4 nanoparticle solution from
Step 10.
15| Add 105 µl of NH 4 OH solution and shake for 1 min in a fume hood. Upon addition of NH 4 OH, the solution will become turbid and soon will turn transparent with shaking. ? trouBlesHootInG 16| Add 30 µl of TEOS to produce a 7.5-nm-thick silica shell. Other thicknesses within a range between 3.5 and 40 nm can be created on the amounts of TEOS. table 2 represents the relationship between amounts of TEOS and silica shell thickness.
17|
Close the cap and shake the vial for 1 min. Incubate the mixture solution for 48 h at RT.  pause poInt The product can be stored at RT for several weeks.
18| Add 2 µl of AEAPTMS and shake for 90 min at 100 r.p.m. To obtain M-SiO 2 with a thin silica layer (<4 nm), add 0.8 µl of AEAPTMS. ? trouBlesHootInG 19| Add 4.0 ml of 50 mM TMAOH in methanol solution. Shake the vial for 5 s. In 30 s, phase separation between the methanol solution containing nanoparticles (dark brown color) and cyclohexane becomes evident. Carefully remove the dark brown layer (~4.5 ml) using a pipette and transfer to a new vial.
20| Mount a MACS LS column on a MidiMACS separator and load 3.0 ml of solution from
Step 19. Allow the nanoparticle solution to enter the column completely. Then apply 8 ml of 50 mM TMAOH in methanol solution to wash out the by-products.
21| Allow 1 ml of DMSO to enter the column completely. Apply an additional 1.5 ml of DMSO and elute the M-SiO 2 by dismounting the column from the MidiMACS separator.
22|
Determine the particle solution concentration using a UV-visible absorption spectrophotometer. Dilute the particle solution to 400 nM using DMSO.
synthesis of au 2nm seeds • tIMInG 20 min 23| To a 100-ml glass jar containing 60 ml of deionized water, add 664 µl of 1.0 M NaOH solution and 16 µl of THPC sequentially. (Fig. 4c-e) .
35| Add 22 ml of 130 µg/ml NH 2 OH·HCl aqueous solution.
36|
Monitor the color change of the solution during the reaction. The color of the solution changes continuously during the reaction because of the change of Au shell thickness (Fig. 3a) . Initial red shifts (e.g., from λ max = 550 nm to λ max = 630 nm for 30 nm M-SiO 2 ) represent a gold shell formation (Fig. 3b) . Subsequent blue shifts in plasmon resonance (e.g., from λ max = 630 nm to λ max = 560 nm for 30 nm M-SiO 2 ) indicate thickening of the gold shell (Fig. 3b) . Stop stirring at the desired λ max value. For example, to achieve a 10-nm-thick gold shell on the 30-nm M-SiO 2 , stop the reaction at λ max = 620 nm (Fig. 4a) . Before measuring the absorbance, remove the by-product using a MACS LS column.
37|
Transfer the product solution to a 50-ml tube and centrifuge for 60 min at 1,500g at RT.
38|
Discard the supernatant carefully, and add 1 ml of 1.0 mg/ml BSPP solution to each tube. 39| Collect the gold-coated M-SiO 2 nanoparticles using a MACS LS column. Use the 1.0 mg/ml BSPP solution as an eluent. Verify the presence of the reaction product using TEM at an acceleration voltage of 200 kV (Fig. 4c-h) . Measure absorbance of the MPN solution at λ max using a UV-visible spectrophotometer, and determine the MPN concentration using the extinction coefficient of the respective MPN at λ max . The extinction coefficients of 40-and 50-nm MPNs (independent of the core-shell ratio 67 49| Transfect SNAP-tagged receptor constructs transiently to U2OS cells with the Neon transfection system (Equipment Setup). In this procedure, as an example, SNAP-VEcadherin-mEmerald (SNAP-VEcad-mEm) and Lifeact7-mCherry constructs are co-transfected, and the SNAP-human Notch1-mCherry (SNAP-hN1-mC) construct is transfected for mechanical control of VE-cadherin and Notch receptors.
50|
After transfection, wash the cells three times with 15 ml of PBS after 6 h of incubation to remove cellular debris and inclusion bodies.  crItIcal step Cellular debris and inclusion bodies remaining on the glass and/or cell surface induce nonspecific binding of DNA and MPNs, causing nonspecific perturbation of receptor signaling.  crItIcal step Always keep the microscope cell culture chamber at 37 °C with a humidified atmosphere (80%) of 5% CO 2 for long-term time-lapse experiments. In this procedure, a stage-top incubation system was used for all steps. Direct contact between the oil-immersion objective and culture dish may cause rapid temperature changes within the culture dish depending on changes in RT. To solve this problem, use a closed-loop temperature regulating system to maintain the temperature of the cell culture dish.
58|
Align the µMT with the microscope objective lens. Position the end of the µMT tip at the center of the objective oculus with bright-field illumination. Perform this step sequentially with 20×, 40× and 100× objective lenses and set the height of the µMT tip to ~5 cm above the 100× objective lens.
59|
To prevent contamination, dip the µMT briefly in 70% (vol/vol) ethanol and dry it before use.
60|
Place a small drop of immersion oil onto the 100× objective lens, and place the bottom dish containing the cells on the microscope stage.
61|
Find and center a subcellular region of interest by visualizing the MPNs using dark-field microscopy. ? trouBlesHootInG 62| Lower the µMT into the medium and place the tip of the µMT above the target cell.  crItIcal step Focus above the cells. Carefully adjust the µMT z-position using the z translation stage until scattering from the tip is centered in the field of view.
63|
Determine the distance (d) between the tip of the µMT and the MPNs on a cell membrane and adjust the d to 40 µm.  crItIcal step To determine the d value, focus at the sample plane and the µMT tip sequentially by using the Nikon Perfect Focus System (axial resolution: 25 nm) and then measuring the focal height difference.  crItIcal step The magnetic force between the µMT and the MPN is negligible when d > 20 µm. Do not place the µMT closer than 20 µm from the MPNs during preparation.
probing of single-cell mechanogenetics 64| To control the spatial distribution of receptors with the WFM, perform the steps described in option A; to induce a conformational change of receptors with the SFM, perform the steps described in option B; to apply single-molecule perturbations, perform the steps described in option C. To study MPN-induced single-cell transcription, 
Synthesis of MPNs
This protocol reproducibly produces high-quality and monodisperse MPNs with respect to size, shape and crystallinity, which together provide for uniform optical and magnetic properties. Fabrication of the magnetic core coated with a silica shell is relatively straightforward, whereas the gold shell coating steps on the M-SiO 2 often result in imperfect and/or irregular particles when critical steps in the PROCEDURE are improperly performed. For guidance, we show representative reaction kinetics for MPN shell formation, monitored by changes in solution color and plasmon resonance, in Figure 3 . Characteristic initial red shifts are followed by blue shifts in plasmon resonance, which confirm uniform shell coating (Fig. 3b) . Gradual narrowing in full width at half maximum (FWHM) of plasmon peaks as time proceeds additionally indicates homogeneous MPN formation (Fig. 3c) . Observation of continuous red shifts with no blue shift or broad plasmon peaks indicates one of the following two representative cases: (i) incomplete shell formation due to low Au 2nm seed density on the M-SiO 2 core (<8.2 seeds per (10 nm) 2 , supplementary Fig. 1 ) and/or (ii) irregular shell formation that results from excessive growth kinetics in the reactive precursor solution (OD 290 nm >0.05). Once all reaction conditions are met, the size of MPNs can be easily tuned by controlling the reaction time, the concentration of M-SiO 2 @Au 2nm and the thickness of the silica shells (Fig. 4) . Longer reaction times and decreased M-SiO 2 @Au 2nm concentrations increase gold shell thickness. The plasmon excitation wavelength and the scattering color of the MPNs can be tuned depending on the thickness of silica and gold shells (Fig. 4f-i) . For example, MPNs with green (Fig. 4f , λ max = 550 nm), yellow (Fig. 4g , λ max = 570 nm) and orange (Fig. 4h , λ max = 620 nm) single-particle scattering colors are obtained from the 50-nm MPNs with 20, 25 and 30-nm M-SiO 2 , respectively.
Monovalent Dna conjugation
Conjugation of MPNs with thiolated DNA generates products with mixed valencies. Monovalent MPNs can be isolated via anion-exchange HPLC, providing discrete peaks corresponding to MPNs with different DNA valencies. Figure 5b shows example elution profiles of MPN-DNA conjugates bearing different oligonucleotide lengths, where the monovalent MPNs are then selectively collected. With optimal conditions, the isolation yield of monovalent MPNs is ~40%. Lower isolation yield could occur for several possible reasons: (i) suboptimal MPN/DNA reaction ratio, (ii) colloidal instability of MPN-DNA conjugates against a high-salt environment and (iii) poor peak separation between monovalent and multivalent MPNs. Improvement in the product yield can be achieved by revisiting the critical steps described above. Cell labeling of MPNs via BG-SNAP chemistry typically provides an excellent target-specificity ratio; that is, the ratio between the number of particles per cell expressing SNAP-tagged proteins and the number of particles per cell without SNAP expression is usually >100. Comparing the diffusivity of MPN-labeled receptors with that of small fluorescent dye-labeled receptors can validate the one-to-one engagement of MPNs with target proteins. In our previous report, we showed that the monovalent MPN minimally influences membrane diffusion dynamics of targeted Notch receptors 12 .
Application of µMT with differential modes of stimulation (WFM versus SFM) allows us to investigate the differential roles of spatial and mechanical cues in cell signaling. Figure 9 shows examples of receptor activation through either spatial segregation or mechanical activation. Subcellular spatial segregation of MPN-labeled VE-cadherin recruits F-actin (Fig. 9a) , whereas mechanical loading of Notch-Gal4 receptors with MPNs activates transcription programs (i.e., UAS-H2B-mCherry) within a single cell (Fig. 9b) . 
